The feed and feces of a continuously fed sheep were analyzed for carbon, hydrogen, and nitrogen, with oxygen as the remainder. The daily feed-feces weight difference was used as the reactant in an equation representing the rumen fermentation. The measured products were the daily production of volatile fatty acids (VFA), CH4, CO2, and ammonia. The carbon unaccounted for was assumed to be in the microbial cell material produced in the rumen and absorbed before reaching the feces. The ratio of C to H, 0, and N in January, 1970. PEG (10 g in 200 ml of water) was added to the rumen at 9:15 for the 2-hr feeding, and samples of rumen fluid were collected after 2, 3, 4, 6, 7, and 8 hr.
microbial cells absorbed With C arbitrarily balanced and 0 balanced by appropriate addition of water, any error is reflected in the H. The H recovery was 98.5%. The turnover rate constant for rumen liquid equilibrating with polyethylene glycol (PEG) was 2.27 per day. Direct counts and volume measurements of the individual types of bacteria and protozoa in the rumen were used to calculate the total microbial cell volume in the rumen, not equilibrating with it. The dry matter in the rumen (582 g) and the nitrogen content (12. 05) of the microbes in the rumen were estimated, the latter constituting 85% of the measured N in the rumen. Calculations for rumen dry matter and nitrogen turning over at the PEG rate introduce big discrepancies with other parameters; a rumination pool must be postulated. Its size and composition are estimated. Arguments are presented to support the view that dry matter and some of the microbes, chiefly the protozoa, do not leave the rumen at the PEG rate. One experiment with the same sheep fed twice daily showed significantly less production of microbial cells than did the continuous (each 2 hr) feeding. Analysis of the microbial cell yield suggests that, on the basis of 11 mg of cells per adenosine triphosphate molecule, a maximum of six adenosine triphosphate molecules could have been formed from each molecule of hexose fermented.
The steps in analyzing a microbial ecosystem can be formulated as (i) describing the kinds and numbers of organisms concerned, (ii) identifying what they do, and (iii) observing how fast they do it. A complete description is kinetic, involving the rates of component processes and of the whole.
Steps i and ii have been practiced extensively at I numerous laboratories over the world, and many rumen microbial species have been identified (2, 4) . Their activities in the rumen have been inferred from the characteristics of the pure cultures and in a few instances (14, 15) have been investigated experimentally. The rates of many rumen activities have been measured in pursuance of step iii.
One criterion for the completeness and precision of a kinetic analysis of an ecosystem is the magnitude of the discrepancy between measured component rates, algebraically summed, and the measured rates of the total. This determination is RUMEN FERMENTATION IN SHEEP necessary also for computer simulations. For the rumen, this involves measurement of microbial activities and their integration with host functions, in particular with the amount and kind of material disappearing during passage of food, and the turnover rates of the materials in the rumen. Such an analysis of the rumen is attempted, based on the continuous fermentation model (13) .
Since constancy of the rumen increases its resemblance to the model, the sheep was fed at frequent evenly spaced intervals. For comparison, some measurements were made on the same animal fed twice daily. Production rates of VFA and ammonia were determined by the zero-time method (3, 13) with carbon dioxide in the gas phase. Methane production was estimated by incubating a sample of rumen contents anaerobically for 1 hr in a stoppered container in the water bath (39 C). The gas produced was allowed to escape into a syringe, measured, and analyzed with a thermal conductivity gas chromatograph provided with a silica gel column. For rates of carbon dioxide production from organic C (not bicarbonate), the carbon dioxide above the sample was displaced with N2 just before the start of the measurement. At the end of the experiment, the culture was killed with sulfuric acid, inserted through the rubber stopper, which also released all CO2 from bicarbonate. The acid was added to a control before incubation. Control and experimental tubes were equilibrated at room temperature, and the excess gas was allowed to escape into the measuring syringe. The carbon dioxide remaining in solution when the initial and final gas volumes were measured was estimated from the solubility coefficient of carbon dioxide at room temperature and added to the measured excess gas.
Microbial counts. Samples of rumen contents were preserved by adding one volume of 8% formaldehyde. This 2X dilution was further diluted 40X, a little crystal violet was added, and the bacteria were counted in a Petroff-Hauser counting chamber under oil immersion at X 1,000 magnification.
Protozoa were identified according to Dogiel's monograph (4) . Individuals of different species were counted separately as follows (25): 1 ml of a formaldehyde-diluted sample was further diluted to 12 ml with 10 ml of water or Lugol's iodine solution and 1 ml of glycerol. The solution was mixed by syringe, and 0.05 ml was placed on a microscope slide. The largest particles of hay were removed with a thin pin, and the sample was covered with a cover glass. All protozoa in the drop were counted.
The rumen microbes were assumed to have a specific gravity of 1.1 and to contain 10% dry matter. An average nitrogen content of 10.5% was assumed for the bacteria (12) and 8% for the protozoa.
RESULTS
The results of proximate and elemental analyses of feed and feces are collected in The counts of protozoa in the particle (LSP) material remov sampling tube, and in the total are shown in Table 3 for the 2-hr bacterial counts are tabulated ir the size and number of the micr LSP material, their volume (Table 5) Table 7 .
Initially, the proximate analyses of feed and ,ed through the feces (Table 1) , with assumed chemical composirumen contents, ton for each component, were used in chemical feeding, and the equations to describe the fate of material disap- 15 .69 g per day, or 6.9 g per turnover. The dissolved nonammonia N in the entire rumen was 0.20g.
Of the 4.7 liters of total rumen contents, 582 g (12.38%) was dry matter containing 14.2 g of N (2.445%), of which 14.0 g was not dissolved and was assumed to be chiefly microbial. With 6.9 g of microbial N and 0.2 g of dissolved N leaving the pool with PEG, 7.1 g of N remained in the rumen as part of the "rumination pool" (13) .
From the direct count estimates, the 185.5 mg of protozoa per ml of rumen contents (Table 3 ) and the 102.3 mg of bacteria (Table 4) The values for dry matter also indicate a rumination pool of considerable magnitude. The dry matter leaving daily includes the 369 g recovered as feces, the 116.5 g of microbial cell material not recovered in the feces (equation 2), the 57 g of VFA absorbed (calculated from Table  6 ), and the 43 g of minerals not recovered in the feces (Table 1) , for a total of 586 g per day. With 582 g of dry matter in the entire rumen contents, a turnover rate of only once per day would supply the 586 g leaving daily. Such a rate indicates that the total rumen dry matter cannot turn over at the rate (2.27 turnovers per day) found with PEG. On the assumption that the only way dry matter and microbes leave the rumen is with the PEG pool, the amount in the rumen at any one time, leaving with PEG, is 586/2.27, or 258 g. The dry matter (324 g) remaining in the rumination pool does not leave with PEG, but through comminution during digestion, mixing, and rumination continuously contributes small particles to the 5 .84% (w/v).
In Table 9 , the results of experiments with the 2-hr and the 12-hr feeding (Table 5) (6, 8, 23 (26) for similar feeding conditions. Weller et al. (28) found in sheep fed once daily that 50 to 82% of the total nitrogen in the feed was assimilated into microbial cells. The value in our experiments is 83%.
The 2-hr and 12-hr comparisons in Table 9 provide only a rough approximation of the effect of frequent feeding; the retention of microbes in the rumination pool of the 12-hr system cannot be estimated from the available data. But the results do indicate a significant superiority of frequent feeding for production of a large microbial cell crop.
TIhere are some discrepancies in the nitrogen assumptions, calculations, and measurements. It was assumed that all feed N was converted either to ammonia or microbial cells. The method for measuring the N in rumen dry matter did not include ammonia, yet the nonammonia N by analya LSP, liquid-small particle fraction. b Rest of the protozoa assumed to be in the rumination pool.
e Includes the total nitrogen in the rumen. If this additional N were synthesized into microbial cells, absorbed, and metabolized by the host, the N recycled from saliva and blood would not appear in equation 2, being assimilated into the host or excreted as urea. Thus the N balance in equation 2 is not a check on microbial N assimilation. But in such additional microbial cells, also, the H, derived from the feed, would not be recovered. The good H balance in equation 2 is not consistent with extensive microbial assimilation from recycled N.
The balance for H atoms in Table 8 is much better than expected, considering the errors and estimates involved, particularly since any errors in C and 0 would be reflected in a discrepancy in H.
The evidence for such a large rumination pool in this animal was unexpected. The rumen contents seemed fairly homogeneous when removed with the large-bore glass tube and the particles were small as compared to those in animals consuming hay. But the evidence from the direct estimate of microbial N by microscopic examination, as well as from measured total N in the rumen both indicate that the rumen nitrogen (chiefly microbial) did not turn over at the PEG rate.
The It is doubtful that this average passage rate. for microbial N applies equally to all species Some bacteria such as Bacteroides succinogenes, adhering to plant particles, may be delayed in passage more than loose-floating cells such as Streptococcus bovis.
The slower rate for microbial turnover as compared to PEG can account for a discrepancy between measured turnover rates of the rumen and the rates of growth observed in vitro for some of the large rumen protozoa. Polyplastron multivesiculatum (10; Coleman, Proc. Soc. Gen. Microbiol., vol. 61, p. iv., 1970) and Ophryoscolex purkynei (19) do not divide in vitro more often than once per day. Division each 7.3 hr is required to maintain their concentration in a continuous system turning over 2.27 times per day. But if, due to their high specific gravity or to a tendency to remain with the particles not passing with PEG, their average passage rate was only 0.69 per day, a division each 24 hr would be sufficient to maintain their numbers in the rumen.
Inspection of Table 3 shows that the concentrations of Ophryoscolex, Polyplastron, Ostracodinium, and Eudiplodinium were considerably greater in whole rumen contents than in the LSP pool sampled. This is consistent with a turnover rate slower than PEG. Since these large protozoa contain about 65% of the total protozoal nitrogen, such retention could be sufficient in magnitude to account for a considerable part of the slow rumen microbial passage as compared to the LSP pool.
For rapid and complete fermentation of food and production ofa maximal microbial crop within a limited time, retention of microbes in a rumination pool has the same advantages as cell feedback in a continuous culture (24) . A larger population of microbes is retained in the rumen than could be held there if the total rumen contents turned over at the PEG rate. This may be an important factor in the success of the rumen fermentation of fiber. It may also explain the preponderance of starch-digesting protozoa in ruminants well adapted to a grain ration. The retained population of protozoa is so large that it ingests and thereby sequesters from S. bovis and other amylolytic bacteria much of the starch consumed; the bacteria cannot grow explosively as they do in hay-fed animals suddenly given grain. The latter do not contain the high concentration of protozoa (14) .
In batch culture, Bauchop and Elsden (1) found cell yields of Streptococcus faecalis to be 19 to 23 g/mole of glucose or 11.7 to 14 g/100 g of glucose added. Hungate (12) in continuous cultures of Ruminococcus albus found an average dry cell yield of 26.3 g/100 g of cellobiose used. Hobson and Summers (7) obtained values as high as 47 g/100 g. The dry cell yield for the 2-hr system is 27.3 g/100 g of feed-feces difference. This agrees with the estimates of Hume (9) for sheep on a 3-hr feeding interval.
If all of the 20.03 g atoms of C in the feed-feces difference is assumed to be hexose (3.34 moles), the yield of microbial cells for the 2-hr feeding is 50 g of microbes/mole of hexose. This is near the top of the values reported by Payne (22) . The 1.345 g atoms of N in the feed-feces difference indicates that about 5 g atoms of the feed C was in protein (assumed to contain 16% N and 52.5% C). This leaves 15 g atoms of C in hexose, equivalent to 2.5 moles. The cell yield then becomes 67 g/mole of hexose used, equivalent to 6 adenosine triphosphate (ATP) molecules per mole of hexose, if 11 mg cells are derived from one ATP molecule, the value indicated in the extensive review by Payne (22) . Two further factors influence this figure: (i) the actual value is less because the protein was fermented along with the carbohydrate, although less efficiently for cell production, and (ii) the actual value may be more because part of the feed carbohydrate is assimilated into cell material, diminishing the extent to which it can supply ATP.
A high ATP yield may result from the greater number of ATP-yielding reactions possible in mixed as compared to pure cultures.
